Chemical reagents were tested for their effectiveness to stimulate pisatin production in the endocarp of pea pods. The following compounds were found most active:
INTRODUCTION
Chemical stimulation of phytoalexin formation by heavy metal ions, especially copper and mercury, has already been briefly reported (Cruickshank and Perrin 1963a) . The present paper describes more detailed experiments with a wide range of chemicals. An attempt is made to interpret the results in terms of a possible interference with a metabolic pathway.
II. MATERIALS AND METHODS
Chemical solutions (approx. 1 ml per half-pod) were placed on the endocarp tissue of pea pods, and incubated under conditions similar to those used in fungal inoculation studies (Cruickshank and Perrin 1963a} . Except where stated otherwise, incubation at 20°C in the dark for 40 hr was used. In most cases, triplicate samples were taken. Five replicates were used in the comparison of change of pisatin concentration with time following various chemical treatments [see Section III(b}] . The resulting fluids were tested for pisatin content by the standard chemical assay (Cruickshank and Perrin 1963a) . In samples where the volume of diffusate was very small or the identification of pisatin in low concentrations uncertain, the samples were converted to anhydropisatin prior to spectroscopic measurement (Perrin and Bottomley 1962) . This treatment increased the sensitivity of the chemical assay.
In preliminary experiments, to SCreen various chemicals for pisatin-inducing ability, use was made of a more rapid but slightly less accurate assay involving a single extraction into cyclohexane. (This solvent has a more favourable distribution coefficient than light petroleum, and a single extraction from aqueo\ls solution using equal volumes takes 78-80% of the pisatin into the organic phase where it can be assayed by direct ultraviolet spectrophotometry.) -0·03  0·03  0·04  0·05  0·62  NaCI  0·05  0·03  0·03  0·04  0·03  0·03  KCI  0·05  0·07 '  0·05  0·05  0·06  0·08  MgC12  0·06  0·07  0·04  0·05  0·03  0·08  CaCh  0·04  0·04 .  0·04  0·03  0·04 0·04 ,
The pea pods used as host tissues were mainly of the varieties Greenfeast and Little Gem. A spore suspension of Monilinia jructicola (Wint.) Honey was used as the control test fungus to assess the pisatin-producingcapabiIity of the host (pea pod) material under. fungal inoculation conditions. Water controls were used in all experiments.
The pisatin content of the diffusate produced by the control test fungus under standard conditions depended on the particular batch of pea pod being used, and varied from 44 to 84 JLgjml after 40 hr. For this reason, ,comparative results given in the tables are expressed as an index ofthe standard fungal response for the particular batch used where the standard fungal response equals 1·00. This "relative effectiveness index", (R.E.I.) has made it possible to compare experiments undertaken over a protracted period, and has been used. in Tables 1, 2 , 4, 5, and 8.
All chemicals used were of analytical grade, or 'of the highest purity available commercially. All solutions were made up in distilled water, and where necessary, the pH was adjusted to within the range 5·6-8·0.
III. EXPERIMENTAL AND RESULTS

(a) Stimulation of Pisatin Formation by Chemical Reagents
(i) Metal Ions.-A comparison was made using a series of metal chlorides covering the concentration range 1O-L I0-1M.
To eliminate any effects of variation in ionic strength, a similar series of experiments were carried out while maintaining a constant chloride concentration (2 X 1O-2M) and ionic strength (0 '03) by addition of calcium chloride solution (chosen as being most acceptable to plant tissue because of the high concentration of naturally occuring calcium ions). 
Pisatin Concentration as R.E.I. * for Salt Concentrations of:
10-6M
10-5M 10-4M 10-3M 10-2M From Tables 1 and 2 it can be seen that heavy metal ions copper and mercury, and to a less extent nickel and cadmium, were capable of inducing pisatin formation in pea pod endocarp by application of relatively low concentrations of the metal chloride. The effect of the adjustment of ionic strength led to a shift to slightly higher concentrations for maximum stimulatory ability for cupric, mercuric, and nickel ions. The lowered effectiveness of these metal ions in the presence of increased chloride concentrations is probably due to the formation of metal-chloro complexes (Bjerrum, Schwarzenbach, and Sillen 1958) .
(ii) Effects of Anions.-Several ofthe more active metals were tested in the form of other salts, namely perchlorate, nitrate, and sulphate. Throughout these experiments, solutions of potassium perchlorate, potassium nitrate, potassium chloride, and potassium sulphate yielded values not significantly different from those of the water controls.
The results presented in Table 3 show that the effectiveness of a heavy metal ion in inducing pisatin formation may be affected by the anion present. Thus mercuric nitrate showed maximum effectiveness at lower concentrations than did mercuric perchlorate which is more effective than mercuric chloride. For cupric salts, the sequence of activity was: CIO:! > NOs> CI-> SO~-. Silver, which could be tested only as the nitrate, was comparable in pisatin-inducing capacity to mercuric chloride. The effect of anion was less apparent in the case of nickel, all four salts having maximum pisatin-inducing ability when applied in the range 1 X 10-3 -3 X 10-3M. Values are expressed as molar concentration of metal ion inducing maximum pisatin production; the value in parentheses expresses the concentration for half maximum production
(iii) Effect of Ohelating Agents.-Control experiments showed that the following substances, alone (and up to the concentrations given in parentheses), did not lead to pisatin production appreciably in excess of that of the water control-sodium diethyldithiocarbamate (5 X 1O-3M), o-phenanthroline (5 X 10-3M), a,a' -bipyridyl (5 X 10-3M), and ethylenediaminetetraacetic acid (EDTA, 10-3M as disodium salt). 
However, the effect of the addition of EDTA to solutions of cupric chloride and mercuric chloride prior to application to the tissue gave the results set out in Table 4 , which showed that pisatin formation stimulated by either mercuric chloride or cupric chloride was reduced by the introduction of increasing amounts of EDTA. This depression of pis at in formation would indicate that the free metal ion is necessary to stimulate formation of the phytoalexin. (iv) Oxidizing and Reducing Reagents.-Oxidizing agents, hydrogen peroxide (1O-3 M), and iodine (10-4M) yielded maximum RE.I. values of 0·S4 and 0·63, respectively. Potassium permanganate was ineffective in stimulating the formation of pis at in. Reducing agents, sodium sulphite (5 X 1O-3 M), and ascorbic acid (5 X 1O-2M) gave RE.I. values of 0·59 and O· S3, respectively. Only those reducing agents containing the -SH grouping gave RE.I. values in excess of that from the fungal inoculum (namely, thioglycollic acid 5 X 1O-2 M, RE.I. = 3·02; cysteine 5 X 1O-2M, RE.I. = 2 ·46) and these results will be discussed in Section III(a)(vi).
(v) Metabolic Inhibitors.-The reagents used included those known to inhibit one or more of a number of specified types of biological systems.
From these results (Table 5 ) it can be seen that a number of inhibitors were able to stimulate the formation of pisatin at values equivalent to, or in excess of, that obtained from standard fungal inoculum, the most effective being p-chloromercuribenzoate, sodium iodoacetate, sodium fluoride, sodium cyanide, and sodium azide. As was observed with the metal ion series, at very low concentrations no pisatin was produced, at some intermediate concentration pisatin formation passed through a maximum, and at high reagent concentrations the pisatin production was low and was accompanied by some phytotoxicity towards the host tissue.
(vi) -SH-containing Compounds.-Because reagents which react with sulphydryl or disulphide groups appeai-0d to be effective in producing pisatin, it was expected that this production would be depressed by the co-addition of sulphydryl inhibitor and sulphydryl-containing substance. This was found when high concentrations of sulphydryl compounds were added. However, -SH-containing compounds alone were also found to stimulate pisatin production. This observation was confirmed by trials with other mercapto compounds. All of these results are given in Table 6 .
(vii) Effect ofSelenium.-Solutions of sodium selenate (lO-L 1O-1 M) were applied to pea pod endocarp. Over the concentration range 10-5 -3 X 1O-3 M pisatin production was considerably in excess of that resulting from the standard fungal inoculum. The maximum effect (RE.I. = 2·62) was found at 3 X 10-4M. Essentially similar results were obtained when sodium selenite solutions were applied to pea pod endocarp.
To examine the possibility that selenium was competing with sulphur, experiments were carried out using the most effective concentration of selenium (3 X 1O-4 M, as sodium selenate) together with increasing concentrations of sodium sulphate (which was ineffective by itself). Results from these experiments are listed in Table 7 .
With increasing concentrations of sulphate ion, the effectiveness of sodium selenate was diminished. Sodium sulphate (10-1M) completely depressed the effect of selenate. There was no depression with the addition of sodium chloride (1O-1 M).
(viii) Effects of Amino Acids.-A range of natural and synthetic amino acids were tested by applying them to pea pod endocarp, using the normal "inoculation" technique. Table S lists the results obtained for the amino acids that were effective in stimulating pisatin production. Other amino acids tested but found to be ineffective or only slightly effective in stimulating pisatin production in the diffusate were DL-tyrosine (3 X 10-4 -3 X 1O-3 M), DL-histidine (3 X 10-3 -3 X 1O-2 M), DL-serine (3 X 10-3 -3 X 1O-2M), DL-threonine (3 X 10-3 -3 X 1O-2 M), L-,B-phenylalanine (3 X 10-4 -10-1M), D-valine (3 X 10-4 -1O-1 M), and DL-ethionine (3 X 10-2M).
Amino acids were also introduced into pea pods using the diffusion technique described by van Andel (1958) . Substrates (1 ml) of L-~-phenylalanine (1O-3M) and DL-tyrosine (10-3M), alone and also in admixture with D-glucose (10-3M), sodium succinate (1O-3M), or sodium acetate (1O-3M) were fed into the pea pod via the petiole over 24 hr, followed by water (2 ml) under forced transpiration conditions. In no case did the petiole feeding of L-~-phenylalanine or DL-tyrosine stimulate pisatin production in the pod tissue.
TABLE 6 PISATIN FORMATION FOLLOWING APPLICATION OF SULPHYDRYL-CONTAINING COMPOUNDS, AND THE EFFECT OF ADDITION OF THE SULPHYDRYL INHIBITORS IODOACETIC ACID AND p-CHLORO-MERCURIBENZOATE (SODIUM SALT) TO SUCH COMPOUNDS
Thioglycollic acid 1 X 10-5 69·0 1 X 10-4 70·4 1 X 10-3 72·0 1 X 10-2 26·1 Cysteine hydrochloride 1 X 10-5 26·0 1 X 10-4 83·4 1 X 10-3 107·4 1 X 10-2 59·0 2,3-Dimercaptopropanol 1 X 10-5 2·0 1 X 10-4 23·1 1 X 10-3 69·0 1 X 10-2 57·6 2-Mercaptoethanol 1 X 10-5 2·0 1 X 10-4 61·4 1 X 10-3 50·3 1 X 10-2 54'7 Thioglycollic acid Nil Iodoacetic acid 2 X 10-4 50·0 1 X 10-5 2 X 10-4 56·4 1 X 10-4 2 X 10-4 52·0 1 X 10-3 2 X 10-4 58·9 1 X 10-2 2 X 10-4 25·5 Thioglycollic acid Nil p-Chloromer5x 10-5 31·5 1 X 10-5 curibenzoate 5 X 10-5 29·2 1 X 10-4 (sodium salt) 5x 10-5 36·1 1 X 10-3 5 X 10-5 61·1 1 X 10-2 5 X 10-5 16·6
(b) Effect of Incubation Time on the Stimulation of Pisatin Production by Chemical
Reagents Three different types of reagent were chosen, namely sodium iodoacetate (2 X 1O-4M), sodium fluoride (10-2M), and cupric chloride (1O-3M). Samples of "diffusate" were withdrawn at 6-hourly intervals from the 12th to the 48th hour after application of the chemical solution followed subsequently by sampling at 12-hourly intervals. Results are given in Figure 1 . The rates of production and final concentrations at 96 hr were comparable for the three chemicals studied.
(c) Effect of Incubation Temperature on the Stimulation of Pisatin Production by Ohemical Reagents
The pea pods containing the chemical solutions sodium iodoacetate (2 X 1O-4M), sodium fluoride (1O-2M), and cupric chloride (10-3M) were placed in incubators set Amino Acid 3x 1O-4M 10-3M 3 X 10-3M 1O-2M 3 X 10-2M 10-1M
Water control 0·07-0·15 * R.E.I. for fungal inoculum = 1·00.
at temperatures ranging from 4 to 32°C. Sterile water was placed on the control pod groups at each temperature. The results presented in Table 9 show that pisatin was formed over the temperature range 1O-32°C.
(d) Identity of Natural and "Chemically Induced" Pisatin
Pisatin produced by the application of mercuric chloride (1O-4M) solution to pea pod endocarp was isolated and crystallized by the procedure described for pisatin o resulting from fungal stimulation (Perrin and Bottomley 1962) . The identification of the crystalline materials from the two sources was confirmed by the following properties: ultraviolet absorption spectra, optical rotation, melting points, acidification to yield anhydropisatin, followed by photochemical transformation to the phenol ether, and formation of the cherry-red isoflavylium cation. activity of the "chemically induced" pisatin also corresponded with fungal-induced pisatin.
Antifungal that of the (e) Chemical Induction of Other Phytoalexins in the Leguminosae
Phaseollin, a phytoalexin isolated from the French bean Phaseolus vulgaris L. (Cruickshank and Perrin 1963b; Perrin 1964 ) has also been produced by suitable application of chemical solutions to the endocarp of the pod of the French bean. The chemical reagents used were mercuric chloride, cupric nitrate, silver nitrate, sodium selenate, and sodium iodoacetate. In all cases the maximum phytoalexin production was equivalent to or exceeded that of the standard fungal inoculum. The chemicals were most effective at somewhat lower concentrations than in the corresponding experiments with peas, for example mercuric chloride (1O-5M) and sodium selenate (1O-4 M) on French beans compared with mercuric chloride (10-4M) and sodium selenate (3 X 1O-4M), respectively, on peas.
The phytoalexins of broad bean (Vicia faba L.) and soybean [Glycine max (L.) Merr.] have not yet been chemically characterized. However, substances having ultraviolet absorption spectra and certain chemical properties identical with phytoalexin-like substances produced following fungal inoculation of these two host plants have been produced by similar chemical treatments with mercuric chloride, silver nitrate, sodium selenate, and sodium iodoacetate.
(il Chemical Production of Phytoalexins away from Intact Plant Tissues
In preliminary studies on the development of phytoalexins within the intact plant, attempts have been made to synthesize pisatin or phaseollin from extracts of pea pod and French bean pod tissues respectively. Using cell-free press juice of both pea and French bean pods, and also extracts prepared by homogenization of the pod tissue in phosphate buffer (pH 6·6) at low temperature (2°C), treatment with silver nitrate, copper sulphate, and sodium iodoacetate solutions (final concentrations 1O-2M-1O-6M in chemical reagent) followed by incubation at 25°C for periods from 2 to 48 hr, yielded negative results when assays for pisatin and phaseollin were undertaken.
In a further series of experiments the endocarp and mesophyll tissues of pea and French bean pods were separately macerated in buffers at pH 5·0 and 7 '0, and ultrasonically disintegrated. Aliquots were then incubated on a shake-table at 25°C with emulsin (0·1 %), ~-glycosidase (0·1 %), copper sulphate (3 X 1O-6M-3 X 10-4M), and sodium iodoacetate (10-5 M and 3 X 10-5 M) for periods from 4 to 24 hr. Assays for pisatin and phaseollin content in the resultant extracts were negative.
IV. DISCUSSION
Little is known concerning the mechanism by which plant tissues produce phytoalexins when brought into contact with fungal pathogens. The chemical stimulation of phytoalexin-like substances has been reported on two previous occasions (Uritani, Uritani, and Yamada 1960; Condon, Kuc, and Draudt 1963) . The results presented in this paper clearly show that in the Leguminosae, a similar response can be elicited.
The production of ipomeamarone has been reported to be stimulated by immersion of disks of sweet potato tuberous roots in solutions of mercuric chloride (0·1%), trichloroacetic acid (5·0%), monoiodoacetic acid (0·3%), and 2,4-dinitrophenol (0·5%) (Uritani, Uritani, and Yamada 1960) . The concentrations of the chemicals appear abnormally high. Condon, Ku6, and Draudt (1963) have demonstrated that the compound 3-methyl-6-methoxy-8-hydroxy-3,4-dihydroisocoumarin produced by carrot disks following inoculation by fungal pathogens, may also be induced in carrot root tissue by treatment with chemicals. However, the concentrations of the isocoumarin are lower than those resulting from fungal inoculation. 10  2·1  7·1  9·2  15  23·3  20·6  46·7  18  41·3  32·6  84·7  20  47·0  23·4  74··2  22·5  67·6  44·8  72·2  25  63·3  40·0  68·2  28  47·7  32·0  52·3  32  30·0  6·1  24·0 In our present study it has been found that solutions of many chemical reagents when applied to the endocarp of pea pods can initiate pisatin production and a definite concentration dependence was observed. Thus at very low levels of stimulatory substance, there was no production of pisatin beyond the usual low water control value. With increasing concentration of chemical compound, pisatin production increased to a maximum. At still higher concentrations; pisatin production fell. This latter region was associated with macroscopically visible phytotoxicity.
The differences observed using one metal ion and different anions or added metal-complexing reagents can be attributed to metal complex formation, and is consistent with the free metal ion being the active species. For example, with simple cupric salts, the observed differences in effectiveness reflect the extent of metal complex formation, recorded stability constants being as follows: log Kl = 2·3 for sulphate ion, 0·1 for chloride ion, and negligibly small for nitrate and perchlorate (Bjerrum, Schwarzenbach, and Sillen 1958) .
Taking as a quantitative measure the concentration of metal salt needed to produce half maximal concentration of pisatin, the following order of effectiveness was noted:
Sodium, potassium, calcium, and magnesium were inactive. The above sequence reflects the usual complex-forming abilities of these cations especially with sulphurcontaining ligands, suggesting that these metals may be exerting their effects by inhibiting a sulphydryl-containing enzyme. This suggestion is further supported by the observed effects of known -SH inhibitors such as iodoacetic acid and p-chloromercuribenzoate. Simple mercapto compounds in dilute solutions (c. IO-L IO-5M) do not induce pisatin formation. This result may be explained in terms of protection of enzyme sulphydryl groupings by very low concentrations of the mercapto compound. Higher concentrations stimulate pisatin production. A possible interpretation for these results is that in the normal situation (that is, in the non-infected plant), an isoflavanoid pathway may require an intermediate (X) bound to an -SH group or groups, and no pisatin is formed. Thiol-binding compounds, by direct combination with this -SH group, or excess thiol, by binding with the hypothetical intermediate (X) could prevent the -SH-X-linkage, and thus allow pisatin formation to occur. The stimulation of pisatin production by selenium compounds, and the depression following the addition of sulphate, would suggest some disturbance in sulphur metabolism.
The slope of the curve for change in concentration of pisatin in the diffusate solutions in relation to the stimulatory agent (Fig. 1) , being independent of the reagent, suggests that, irrespective of the specific effect of the chemicals applied, the reactions have in common a host-dependent, rate-limiting step.
The pisatin concentrations recorded in the temperature study indicate that phytoalexin production by chemical stimulants occurs over the normal temperature range 1O-32°C. This result approximates that for fungal stimulation (Cruickshank and Perrin 1963a) .
The most effective amino acids in relation to pisatin stimulation were L-valine, DL-norleucine, and DL-norvaline (Table 8 ). However, their maximum R.E.I. values occurred at physiologically abnormal concentrations (3 X 10-2 and 10-1 M). The marked difference in effect between the D-and L-forms of valine suggests that activity may be connected with the configuration of the amino acid. Ku6, Williams, and Shay (1957) , Holowczak, Ku6, and Williams (1962) , and Davey (1963a,1963b) have reported the induction of resistance in certain apple cultivars to Venturia inaequalis (Cooke) Wint. emend-Aderh. and pea cultivars to Aphanomyces eutriches (Drechs.) respectively, following treatment of these two host plants with some of the amino acids used in our experiments. It is tempting to speculate that the induced resistance demonstrated by these workers may be due to phytoalexin formation in the treated tissues.
Recent work (Uehara 1963) on phytoalexin production in the garden pea using a range of metal salts supported our preliminary findings (Cruickshank and Perrin 1963a) . In addition to high pisatin production by mercury and copper salts, appreci: able stimulation of pisatin was reported by organic mercury compounds used as fungicides. The stimulation of pisatin formation by chemical solutions may suggest that some heavy-metal-containing fungicides act partly through the formation of phytoalexins in addition to their normally accepted protectant action (Cruickshank 1965) .
The production of ipomeamarone is considered by Uritani (1961) to be due to the stimulation of an abnormal pathway in carbohydrate metabolism leading to furanoterpenoid synthesis. Condon, Kuc, and Draudt (1963) claim that their evidence indicates that the isocoumarin from carrots is synthesized via the acetate pathway as a result of an alteration in the normal metabolism of carrot root tissue. Both pisatin and phaseollin have the chromano-coumaran ring system and belong to the isoflavanoid class of compounds. It is suggested that the biosynthesis of these compounds results from some modification of an isoflavanoid intermediate due to the interference by a fungal metabolite, with the normal isoflavanoid synthesis in pea or French bean tissues and its replacement by a pathway leading to pisatin and phaseollin as end products. The data on the chemical induction of pisatin, if relevant to the normal biological systems, suggest that a sulphydryl enzyme in the host plant tissues is involved. 
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